Introduction
Sam68 is a nuclear RNA binding protein and is known to be a cell cycle regulated phosphorylation target of cSrc and Cdc2 kinases (Taylor and Shalloway, 1994; Fumagalli et al., 1994; Resnick et al., 1997) . The 443 amino acid protein is comprised of two putative RNA binding domains, namely, an RGG box (a domain containing several Arg-Gly-Gly motifs) and a KH (for hnRNP-K homology) domain (Fumagalli et al., 1994) . The RGG box is dispensable for RNA binding and the multimerization of Sam68 (Chen et al., 1997) . The KH domain is essential for self-association, RNA binding as well as cellular localization of wild type Sam68 (Chen et al., 1997; McBride et al., 1998) . The KH domain is highly conserved in several RNA binding proteins such as hnRNP-K (Siomi et al., 1993a) , GRP33 (Cruz-Alvarez and Pellicer, 1987) , fragile X mental retardation gene product FMR-1 (Siomi et al., 1993b) and the Ceanorhabditis elegans germline-speci®c tumor suppressor GLD-1 (Jones and Schedl, 1995) . A spliced variant of Sam68 with a deletion in the KH domain was speci®cally expressed at growth arrest, and over-expression of this variant was able to inhibit DNA synthesis (Barlat et al., 1997) , suggesting that Sam68 isoforms are involved in the regulation of the G1/S transition of the cell cycle. In addition to the KH domain, Sam68 contain ®ve proline rich motifs, which have been shown to facilitate binding to SH3 domain containing proteins. A nuclear localization signal (NLS) has been mapped to the C-terminal tyrosinerich region (Ishidate et al., 1997) .
Sam68 binds to single stranded and homopolymeric RNAs in vitro and this binding is dependent on the phosphorylation of tyrosine residues of the protein (Chen et al., 1997; Lin et al., 1997) . Recently, we have demonstrated that Sam68 binds to RRE in vitro and in vivo, and functionally replaces as well as synergizes with HIV-1 Rev in RRE-mediated gene expression and virus replication (Reddy et al., 1999) . Furthermore, Cterminally deleted mutants of Sam68 show a dominant negative phenotype in HIV replication (Reddy et al., 1999) . Mutation of Arginine 429 to an Alanine residue in this C-terminal domain (NLS) of Sam68 aa 420 ± 423 fused to GFP has been shown to disrupt the nuclear localization of Sam68 (Ishidate et al., 1997 ). Here we demonstrate that full-length Sam68 protein having a P439?R mutation in the NLS is localized in the cytoplasm, whereas the Sam68 R429?A mutant in the nucleus. We also show that the cellular localization of these mutant proteins correlate with their function in RRE-mediated gene expression. Furthermore, we demonstrate that Sam68 P439?R mutant act with a transdominant negative phenotype in HIV-1 replication.
Results

Localization of Sam68 proteins having mutations in the C-terminal domain
To delineate the amino acid residues within the NLS domain of full-length Sam68 that direct the protein to the nucleus, we utilized the various site directed mutants of Sam68 shown in Figure 1 . For the analysis of localization of Sam68 mutant proteins expressed from their respective constructs, HeLa cells were transfected separately with Sam68 (wild type), Sam68 RP420?NR, Sam68 R429?A and Sam68 P439?R expression vectors. Forty-eight hours post-transfection, cells were stained with anti-Sam68 antibodies and examined with a confocal microscope. Since endogenous levels of Sam68 are low, it is easy to distinguish the Sam68 proteins (wild type and mutants) expressed by the transgene from endogenous Sam68 (Reddy et al., 1999 and Figure 2) . Figure 2a presents results that demonstrate that Sam68 (wild type) was localized in the nucleus, which is in agreement with the previous observation that Sam68 is a nuclear protein (Ishidate et al., 1997; Reddy et al., 1999) . Similarly, Sam68 RP420?NR mutant was also localized in the nucleus (Figure 2b ), indicating that downstream amino acid residues may be important for the nuclear localization of Sam68. Surprisingly, the Sam68 R429?A mutant was localized in the nucleus (Figure 2d ), which is in contrast to the previous observations, made by Ishidate et al. (1997) , that this mutation abolished nuclear localization. Interestingly, the Sam68 P439?R mutant protein was localized in the cytoplasm (Figure 2c ). These results suggest that the P439 residue is critical for the nuclear localization of Sam68.
The redistribution of Sam68 from nucleus to cytoplasm impairs Sam68 function
To investigate whether the perturbed cellular localization of Sam68 mutant P439?R would have any impact on function, the eect of Sam68 mutants on RREmediated reporter gene expression was assessed in transient co-transfection assays. For these studies, 293T cells were co-transfected with RRE-CAT (pCMV128) and Sam68 wild type and/or various mutant expression vectors independently and the expression of CAT activity in the cell extracts was measured. The nuclear localized wild type and one Sam68 mutant (RP420?NR) induced a 11 ± 16-fold increase in RRE-mediated CAT reporter gene expression over basal levels, while another mutant Sam68 (R429?A), which is also expressed in the nucleus, yielded reduced levels (fourfold) of CAT gene expression compared to wild type Sam68 (Figure 3 ). In contrast, the cytoplasmic mutant Sam68 P439?R completely failed to transactivate RRE-directed gene expression ( Figure 3 ). These results indicate that the nuclear localization domain (aa 429 ± 439) is involved in protein-protein interaction important for Sam68 function in RRE-mediated gene expression.
Synergistic effects of Sam68 mutants and Rev
Since we previously observed that wild type Sam68 synergizes with Rev, the synergistic eects of Sam68 mutants were examined when expressed in conjunction with Rev in RRE directed CAT gene expression. For these studies, 293T cells were co-transfected with CMV128 and Sam68 mutant expression vectors, with or without Rev expression vector, and the CAT activity was measured. Expression of Rev alone increased the CAT gene expression to 32-fold, whereas co-expression of wild type Sam68 with Rev resulted in an increase of CAT activity to more than 80-fold over basal levels (Figure 4 ). Sam68 mutants RP420?NR and R429?A also synergized in conjunction with Rev and stimulated the CAT gene expression 61 and 50-folds over the basal activity (Figure 4) . However, the synergy by Sam68 RP420?NR and R429?A mutants in conjunction with Rev was not to the same extent as by wild type Sam68. In contrast, Sam68 P439?R did not synergize with Rev; rather, it inhibited (56%) the Rev/RRE mediated transactivation (Figure 4) . These results indicate that the nuclear localization of Sam68 is fundamentally important for their synergistic eects with Rev and that a mutant, which localizes to the cytoplasm inhibits Rev-mediated transactivation of an RRE-dependent reporter gene.
Inhibition of HIV replication by Sam68 P439?R mutant
The inhibition of Rev activity by the Sam68 P439?R mutant prompted an assessment of the inhibition of RRE-mediated CAT gene expression and virus replication by Sam68 mutants. In these studies, inhibition of synergistic transactivation by both Rev and Sam68 was measured. As shown in Figure 5A , a steady decrease in RRE-mediated CAT reporter gene expression (up to 90%) was observed in the presence of increasing amounts of the Sam68 P439?R mutant DNA expression plasmids. In contrast, no inhibition was seen with the Sam68 R429?A mutant ( Figure 5A ). We next investigated whether the inhibition would extend to Rev function in HIV-1 replication. For these studies, 293T cells were co-transfected with HxB-2 proviral DNA in conjunction with Sam68 R429?A and/or P439?R mutant, and measured the expression of p24 antigen in the cell free supernatants. As shown in Figure 5B , Sam68 P439?R, but not the Sam68 R429?A mutant, exerted a dramatic inhibition on viral replication. These results indicate that Sam68 ) were co-transfected with RRE-CAT (0.125 mg), Sam68, Sam68 RP420?NR, Sam68 R429?A, Sam68 P439?R (0.125 mg each) separately, with Rev (0.025 mg) expression plasmids. pcDNA3 was used to equalize the amount of DNA to 1.5 mg for each transfection. Forty-eight hour posttransfection cell extracts were prepared and subjected to CAT assay was performed as described in Figure 3 ) were cotransfected with RRE-CAT (0.125 mg) alone and plus Sam68, Sam68RP420?NR, Sam68R429?A and/or Sam68P439?R (0.125 mg) expression plasmids using the Fugene6 reagent according to the manufacturer's protocols. To normalize the transfection eciencies, we have used 0.1 mg of pcDNA-Lac Z expression vector as an internal control. pcDNA3 was used to equalize the amount of DNA to 1.5 mg for each transfection. Forty-eight hours post-transfection, cell extracts were prepared and subjected to CAT enzyme assays as described in the experimental procedures section Figure 5 Inhibition of Sam68 and Rev function by Sam68 P439?R mutant. (A) Repression of Sam68/Rev/RRE-mediated reporter gene expression. 293T cells were co-transfected with RRE CAT (0.125 mg), Rev (0.025 mg), Sam68 (0.125 mg) with Sam68 Sam68 R429?A (0.5 mg) and/or P439?R (0.25 and 0.5 mg) expression plasmids. pcDNA3 was used to equalize the amount of DNA to 1.5 mg for each transfection. CAT assays were performed as described in Figure 3. (B) Inhibition of wild type HIV-1 replication by Sam68P439?R mutant. 293T cells were co-transfected with wild type HxB-2 proviral DNA (0.025 mg), Sam68 R429?A (0.25 mg) and/or Sam68P439?R (0.25 mg) expression plasmids. pcDNA3 was used to equalize the amount of DNA to 1.5 mg for each transfection. Forty-eight hours post-transfection, the cell free supernatants were collected and subjected to p24 antigen capture assay (Coulter)
Fine mapping of the C-terminal domain of Sam68 TR Reddy proteins having mutations in the NLS that translocate the protein from the nucleus to cytoplasm show a dominant negative phenotype for HIV replication.
Discussion
The results presented in this study focus on the ®ne mapping of the amino acids in the NLS domain of Sam68 that are essential for targeting the protein to nucleus and for their subsequent eect on HIV gene expression. We and others have demonstrated that Sam68 proteins lacking C-terminal domain are localized in the cytoplasm (Reddy et al., 1999; Ishidate et al., 1997) . In addition, Ishidate et al. (1997) demonstrated that mutation of Arginine-429?Alanine in the PPXXR motif of the NLS will induce the translocation of Sam68 protein from nucleus to cytoplasm. However, these studies were done in the context of truncated protein in which C-terminal amino acids 420 ± 443 of Sam68 were fused to GFP (Ishidate et al., 1997) . In contrast, we demonstrated that the full length Sam68 protein having the same mutation (R429?A) was completely localized in the nucleus (Figure 2d ), similar to wild type Sam68 (Figure 2a ). It is possible that addition of GFP sequences to the C-terminal peptide (420 ± 443) of Sam68 might eect their stability or folding, which might have resulted in the masking of NLS, thus causing the protein to be localized in the cytoplasm. In contrast, we have shown that mutation of P439?R in the NLS of Sam68 resulted in the complete relocalization of the protein to the cytoplasm (Figure 2c ). Our results showed that over-expression of Sam68 P439?R mutant, which is localized in the cytoplasm, resulted in the inhibition of Sam68/Rev/RRE-mediated reporter gene expression as well as HIV-1 replication ( Figure 5 ). There was a good correlation between the localization of Sam68 P439?R mutant and its eect on the inhibition of HIV-1 replication. An interesting parallel with our previous studies is that the C' deletion mutant, which is localized in the cytoplasm, and does not bind to RRE, also inhibited HIV-1 replication (Reddy et al., 1999) . In light of these ®ndings, we conclude that the integrity of the C-terminal tyrosine rich domain is required for the nuclear localization of wild type Sam68.
Proposed mechanism of the inhibition of RRE-mediated transactivation by Sam68 P439?R mutant
The best-characterized transdominant viral protein that inhibits HIV replication is the transdominant mutant RevM10 (Malim et al., 1989 (Malim et al., , 1992 . Unlike the RevM10, which localizes to the nucleus and competes with wild type Rev for binding to RRE, the Sam68 P439?R mutant is in the cytoplasm. However, since this protein can multimerize (Chen et al., 1997) , it is conceivable that co-expression of Sam68 P439?R with Rev might form a nonfunctional complex in the cytoplasm. Therefore, its mechanism may be trapping Rev in the cytoplasm by direct protein-protein interaction. In support to this hypothesis, we have previously demonstrated that the C' terminal deletion mutants that are cytoplasmic bind eciently to Rev and very poorly to RRE (Reddy et al., 1999) . Similarly, the wild type and P439?R Sam68 heterodimer would be trapped in the cytoplasm. Indeed the observation that Sam68 P439?R mutant is cytoplasmic in the presence of endogenous Sam68 supports the hypothesis that wild type and P439?R mutant Sam68 heterodimer would be retained in the cytoplasm (Figure 2c ). The long-term protection of primary cells expressing Sam68 P439?R from HIV infection as a strategy to develop more eective anti-HIV agents is currently under further investigation.
Materials and methods
Plasmids construction
The construction of wild type Sam68 expression plasmid was described previously (Reddy et al., 1999) . Mutant Sam68 RP420?NR, R429?A and P439?R expression plasmids were constructed according to the procedures of Xu et al. 
Cells and transfections
Human 293T and HeLa cells were maintained in DMEM supplemented with 10% bovine serum and were transfected with the plasmid constructs with the Fugene6 (Boehringer Mannheim) according to the manufacturer's protocols.
Indirect immunofluorescence
For the sub-cellular distribution of wild type and mutant Sam68 proteins, HeLa cells were transfected with 2 mg each of expression plasmids and cells were cultivated on glass slides. Cells were prepared for immuno¯uorescence as described previously (Reddy et al., 1999) . Brie¯y, cells were ®xed with 4% paraformaldehyde in phosphate-buered saline (PBS from Gibco labs) containing 5 mM MgCl 2 for 20 min, washed twice (5 min each) with PBS followed by two washes in 0.3 M glycine in PBS and once for 5 min in PBS. Cells were then permeabilized with 0.5% Triton on ice for 5 min and washed twice with PBS. Before staining, cells were incubated for 15 min with 3% goat serum in PBS to inhibit the nonspeci®c binding followed by primary antibodies against Sam68 protein (Santa Cruz Biotechnology Inc.). After 1 h, cells were washed three times (10 min each) in PBS, then incubated for 45 min with anti-mouse FITC labeled secondary antibodies. Cells were then washed and covered with coverslip in 4% n-propyl gallate and 80% glycerol in 16PBS. Cells were viewed and photographed on a Nikon (Melville, NY, USA) UFX-II a microscope equipped with camera. Confocal microscopy was performed on a BioRad MRC 600 laser scanning confocal microscope attached to a Zeiss Aniovert 35M microscope and viewed using a 4061.3-na oil objective.
Chloramphenical acetyltransferase (CAT) and p24 antigen capture assays
In general, between 1 and 3 mg of DNA was transfected into 10 5 of 293T cells. To normalize the transfection eciencies, we have used 0.1 mg of pcDNA-Lac Z expression vector as an internal control. PcDNA3 plasmid was used to equalize the amount of DNA for each transfection. Forty-eight hours post-transfection, cells were harvested, washed with phosphate buered saline and then re-suspended in 50 ± 100 ml of 0.25 M Tris, pH 7.8. The cell extracts, CAT assays and separation of reaction products were performed as previously described (Reddy et al., 1999) . Fold of trans-activation was quantitated by scintillation counting of the products separated from the reaction.
For p24 antigen assays, 0.025 mg of HxB2 proviral DNA alone and/or with 0.25 mg of mutant Sam68 R429?A and Sam68 P439?R expression vectors were co-transfected into 293T cells. PcDNA3 was used to equalize the amount of DNA input for each transfection. Forty-eight hours posttransfection, cell-free supernatants were collected and subjected to p24 antigen assay (Coulter).
